Abstract-Nhp6A is a small nonhistone chromosomal yeast protein that binds DNA nonspecifically. This protein is present at many promoters and transcribed regions of the genome and is involved in regulation of transcription. Recently, Nhp6A was shown to participate in destabilization of the nucleosome structure. This may explain its location at regulatory sites. However, its function in the coding regions remains unknown. In this study, in order to identify the mechanisms of Nhp6A action, we examined genomic associations of the Nhp6A protein along the entire length of the target genes, including the open reading frame. We found that Nhp6A predominantly binds to the coding regions of short GC-rich yeast genes. The observed interaction is not associated with the high GC content in these DNA loci. Thus, we can propose a specific regulatory mechanism involving Nhp6A for this group. Since a large number of the studied genes retain features of the ancestral bacterial genome, we suggest that this group can be defined as "ancient." Presumably, this genomic distribution of Nhp6 is related to the mechanisms of regulation of gene transcription that appeared early in the course of evolution.
INTRODUCTION
The storage and realization of genetic information embedded in DNA is determined by the action of numerous proteins. The largest group of proteins in the nucleus of eukaryotic organisms are the histones: small proteins that ensure compact DNA folding into the chromatin [1] . Various nonhistone proteins can also have great influence on the chromatin structure and gene function. These include intranuclear enzymes and protein factors necessary for the work of the genetic apparatus of the cell. In addition, cell nuclei contain high concentrations of nonhistone proteins, which belong to the so-called high mobility group (HMG) [2] . These proteins move quickly during electrophoresis in a polyacrylamide gel due to their small molecular weight and also have a characteristic structure, called an HMG-box (HMGB). The total content of HMG proteins in the cell nuclei is approximately ten times less than the content of histones.
HMG proteins include the yeast nonhistone chromosomal protein 6A (Nhp6A), a small polypeptide with a molecular weight of 10810 Da, consisting of 93 amino acid residues [3] . Nhp6A binds to DNA segments of approximately 11 bp in length and has no pronounced specificity to its sequence or composition [4] [5] [6] . Nhp6A has a typical L-shaped structure of the HMGB-domain: three positively charged alpha-helices fit into a small groove of DNA and the unstructured N-terminus fits into the large groove of the DNA, bending around the double helix [7] .
Gene NHP6A has one paralogue, NHP6B, with 87% identity, which encodes for a protein sequence with a length of 101 amino acids [8] . Nhp6B is present in cells at a much lower level than Nhp6A. Thus, most studies are focused on the Nhp6A isoform.
Nhp6A is found in some multimolecular protein complexes and is involved in the regulation of transcription. Simultaneous knocking out of genes NHP6A and NHP6B leads to slow growth of yeast at 30°C temperature and the impossibility of culturing cells at 38°C. This points to the functional importance of protein isoforms for the survival of yeast cells under stress conditions [9] . The important role of Nhp6A in the regulation of gene expression has been demonstrated in studies on the induction of genes transcribed by RNA polymerase 2. Thus, in yeast strains with mutations in NHP6A and NHP6B, expression of some genes MOLECULAR BIOLOGY is suppressed [10] . Nevertheless, the mechanisms of action of Nhp6 have not been sufficiently studied.
A full-genomic analysis of the distribution of Nhp6A in the yeast genome demonstrates that the protein is present at many promoters and transcribed regions of genes in vivo [11] . In vitro studies have shown that Nhp6A is involved in the process of destabilizing the nucleosome structure. This may explain its location in the regulatory regions of the genome [12] . We have shown that the protein can facilitate the transcription of chromatin in vitro [13] , but its function in the coding regions in vivo remains unknown. In order to find the mechanism of influence of Nhp6A on the transcription of the coding regions of the genome, we examined genes associated with the protein throughout their entire open reading frame.
MATERIALS AND METHODS
In this study, we used the data on the binding of Nhp6A protein to sections of the Saccharomyces cerevisiae genome obtained by Dowell et al. [11] as well as the genome and gene annotation of S. cerevisiae version R64-1-available in the Ensembl database. All stages of the analysis were performed only for the nucleotide sequences of the 16 chromosomes of the nuclear genome containing 6692 protein-coding genes. The list of genes with which Nhp6A binds in the coding region (hereinafter, Nhp6A + -genes) consisted of 176 items.
A control sample of genes, whose length distribution of the coding portion coincided with that for Nhp6A + -genes, was obtained as follows. The histogram of the length distribution of the coding regions of Nhp6A + -genes was divided into equal intervals of 50 bp, then the number of genes k in each interval of Features of genes associated with yeast protein Nhp6A. Analysis of various parameters for genes identified to interact with Nhp6A throughout the coding region (Nhp6A + -genes) [11] , all genes of the yeast nuclear genome ("All"), and the corresponding averaged data for 100 independent samples of short genes ("Short"). length i was determined. For each interval of length i, of all genes of the yeast genome falling within a given interval based on length, particularly k i genes were randomly selected. The sample size was equal to the number of genes in Nhp6A + -genes list. The distribution of the length of the coding part of genes from one such sample is shown in Fig. 1a . To exclude the influence of individual genes, 100 independent random samples were selected. The results were averaged for 100 samples. The source code of the Python program used to retrieve samples and analyze and build drawings is available on the GitHub web service at https://github.com/jalgard/MUBSB.
RESULTS
Yeast protein Nhp6A binds to different parts of the genome, mainly to promoters and transcribed sites. A full-genomic analysis of the binding sites of Nhp6A in the yeast genome showed that protein binds to the coding regions of some genes (Nhp6A + -genes). Dowell et al. [11] uncovered 176 such open reading frames.
We have shown that the distribution of the lengths of coding regions of Nhp6A + -genes differs significantly from that for all genes of the nuclear yeast genome (Fig. 1a) (the p-value of the Mann-Whitney U test is 7.4 × 10 -58 ). Nhp6A + -genes are a fraction of short genes. The average length of the coding region of the yeast gene is 1377 bp (median distribution at 1107 bp), and the average gene length from the sample of Nhp6A + -genes was 408 bp (median 345 bp). To test the hypothesis that these genes have other distinctive properties, we obtained a control sample of short genes from the whole nuclear yeast genome similar in length distribution to the study group (producing 100 independent random replications to eliminate the possible effects of individual randomly taken genes).
It turned out that, unlike randomly taken short genes of the yeast genome, Nhp6A + -genes have a higher content of GC-pairs. The distribution of GC composition of the genes for the compared samples and for the genes of the entire genome is shown in Fig.  1b . It can be clearly seen that randomly selected short genes do not differ greatly in GC composition from all genes of the yeast genome, in contrast to the Nhp6A + -genes. The value of the Mann-Whitney U test for comparison of Nhp6A + -genes with a random selection of short genes is 9.0 × 10 -16
. The average value of GC content in the yeast genome is 38% (continuous horizontal line). The median GC content in genes of the nuclear genome is somewhat higher and is 40%. At the same time, for genes associated with Nhp6A, this value is considerably higher: 46%. It should be noted that this property is not in itself a factor determining the binding of Nhp6A to the coding region of the gene.
Analysis of GC content of the genome sites to which the Nhp6A protein binds revealed that their average GC content is 40.7%. This value is almost the same as for the genes in the yeast nuclear genome as a whole. In addition, in vitro studies indicate that Nhp6A has no pronounced specificity to the DNA sequence or GC composition [6] .
Interestingly, Nhp6A + -genes are also found in a significantly more GC-rich environment. Analysis of GC-composition of the gene-adjacent sequences 200 bp in length is shown in Fig. 1c . This figure shows that the average content of GC pairs in these sections corresponds to the average value for the locus of the genome to which Nhp6A binds. In turn, the average content of GC pairs in the regions immediately adjacent to genes of the yeast genome is generally lower.
One of the most interesting properties of genes associated with Nhp6A is that they differ greatly in the frequency of codon usage compared to the mean values for the entire yeast genome (Fig. 1d) . On the graph, the codons that are relatively more common in the selected sample compared to the whole nuclear yeast genome are above the diagonal, and codons that are used less often under the diagonal. It can be seen from the graph that codons for the random sampling of short genes are located mainly on the diagonal, whereas codons for sampling Nhp6A + -genes are not. In addition, the less-common codons in the yeast genome are more often used in the Nhp6A + -gene sample, and the more frequent are used less often in that sampling. A similar dependence is not observed if the coding region is divided into triplets with a frame shift of +1 or +2, in which case the triplets of both samples behave randomly (data not shown). DISCUSSION Thus, genes associated with Nhp6A within their coding region are short, GC-rich, and show a different codon usage compared to the average statistics. A number of studies show that genes that have a similar evolutionary "age" (for example, ancient or new) and have a similar GC composition, protein-product length, and codon-usage statistics [14] . We assume that this scenario is also takes place with Nhp6A + -genes, which are apparently also united by a single mechanism of regulation of their expression involving Nhp6A protein.
Analysis of Nhp6A distribution in the yeast genome showed that genome regions associated with this protein have only slightly higher GC content. In turn, the GC content in the coding regions of Nhp6A + -genes and in the adjacent regions is much higher. There is evidence that Nhp6A protein in vitro preferably binds to sequences enriched with dinucleotide GT [5] . However, this effect was not detected in our study. Apparently, the observed interactions with coding regions of genes itself are not due to the high content of GC pairs in these DNA loci. Thus, it can be assumed that there is a regulatory mechanism specific for this group of genes involving Nhp6A.
Unfortunately, analysis of the functional role of these genes is extremely difficult in view of the fact that more than half of them are annotated in the Saccharomyces Genome Database (SGD) as a reading frames with unknown function. However, among the genes for which function is known, there are quite a few mitochondrial genes, which may indicate that these genes retain a number of features characteristic of the ancestral bacterial genome. Therefore, we assume that this group of genes is likely to have an "ancient" origin.
It should be noted that, in the NHP6A gene itself, the content of GC pairs in the coding region is 46%. It is also surrounded by sites with increased GC content (42%). Thus, NHP6A gene most likely belongs to the same evolutionary group. Interestingly, its paralogue NHP6B, is definitely related to more "modern" genes that arose during the genome-wide duplication [15] . NHP6B content of GC pairs in the coding region is 44%, and it is surrounded by sites with GC content of 41%. This observation agrees well with the hypothesis of ancientness of the group of genes binding Nhp6A in the coding region.
